INTRODUCTION
============

Vascular dementia (VaD) is one of the prevalent neurological diseases among the aged population, accounting for 17.4% of all dementia patients in the US \[[@B1]\]. It is a heterogeneous group of diseases with different vascular mechanisms that share reduced cerebral blood flow (CBF) as a major contributor to cognitive decline \[[@B2][@B3]\]. Current treatment options merely try to slow VaDassociated cognitive decline, rather than cure the disease \[[@B3]\]. One of the main barriers to overcoming VaD is a poor understanding of the basic mechanisms underlying VaD pathogenesis. VaD is often accompanied by hypoperfusion caused by ischemia, hemorrhage, or small vessel disease \[[@B3][@B4]\]. Under conditions of chronic hypoperfusion, white matter rarefaction, glial activation, and axon damage can characteristically develop \[[@B5][@B6][@B7]\]. Although many experimental studies have tried to identify critical players contributing to VaD pathophysiology, it is still not clear how these factors are altered during the course of disease progression and how they are interactive in the longitudinal direction.

To recapitulate the neurological and behavioral changes observed in VaD, various animal models have been used including chronic or transient global hypoperfusion, focal hypoperfusion, embolic occlusion, or hypertensive animals \[[@B8]\]. Among them, permanent bilateral occlusion of common carotid arteries (BCCAo) in rodents is a reliable model for investigation of the cognitive and histopathologic consequences of chronic cerebral hypoperfusion \[[@B3][@B8][@B9]\]. Rats are a suitable species for inducing chronic global hypoperfusion because their complete circle of Willis affords constant blood supply to the forebrain after the onset of BCCAo \[[@B9]\]. Wistar and Sprague--Dawley (SD) rats are the two most frequently chosen strains, but their histologic findings after BCCAo appear to be different: white matter lesions prominently appear in Wistar rats, while hippocampal neuronal death is only detected in SD rats \[[@B10][@B11]\]. Therefore, in the present study, we sought to determine critical features in VaD pathophysiology by comparing these two representative rat strains after BCCAo.

METHODS
=======

Animals and surgery
-------------------

All animal procedures were approved by the Ethics Committee of the Catholic University of Korea and were carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80-23). Chronic cerebral hypoperfusion was induced in male Wistar-ST rats (Joongang Lab, Seoul, Korea) and male SD rats (Koatech, Kyungki-do, Korea) weighing 250\~270 g, as previously described with minor modifications \[[@B5]\]. Briefly, after induction with 4% halothane, rats were anesthetized with 1.5% halothane in a 70% nitrous oxide and 30% oxygen mixture using a face mask; anesthesia was continued throughout the surgical procedure. After making a midline incision, both common carotid arteries were carefully exposed without damaging the vagus nerve. The carotid arteries were double ligated using silk sutures, trying to minimize injuries of the vessels and adjacent tissues. With the exception of occlusion of the carotid arteries, surgical procedures in sham-operated animals were the same as those in the BCCAo-operated animals. During surgery, rectal temperature was maintained at 37.0\~37.9℃ with a heating pad. After the operation, all animals were returned to their cages with free access to food and water. On the 7^th^, 14^th^, and 21^st^ days after the surgery (BCCAo or sham operation), the animals were euthanized with 15% chloral hydrate.

Memory test
-----------

Reference memory was assessed using the five-radial arm maze with different tactile cues. To encourage reward-seeking behavior, food was gradually restricted to 85% of the initial weight. SD and Wistar rats were first placed in the maze where small pieces of food pellets were scattered in all five arms with different tactile cues to become familiarized with the radial arm maze for 30 min. On subsequent days, food was placed only at the ends of the 2^nd^ and 4^th^ arms, and the animals were given two training sessions per day for 5 consecutive days. One rat at a time was placed in the central zone of the maze. After 1 min, all guillotine doors were opened, and the animal was allowed to enter the arms for 10 min to receive a food reward. To eliminate scent trails, the maze was wiped with 70% alcohol after each trial session. The total number of entries into the arms without a food pellet and entries into the arms with food but no ingestion was divided by the total number of arms visited to give the error rate. Only rats showing error rates lower than 5% were selected and further subjected to sham or BCCAo operations. After 7 days of recovery following BCCAo, the animal was placed for 5 min in the maze where a food reward was located in the 2^nd^ and 4^th^ arms, which was exactly the same as the training sessions. For 10 consecutive days, the number of incorrect arm choices, i.e., entering the arms without a reward or entering the arms with a reward but no intake, was evaluated to test the reference memory of SD or Wistar rats that underwent sham- and BCCAo-manipulation, as BCCAo does not induce motor deficits in general \[[@B9][@B12]\].

Laser Doppler perfusion imaging
-------------------------------

To monitor cortical blood flow in the whole brain, we used a Periscan PIM 3 Laser Doppler Perfusion Imager (LDPI; PIM3, Perimed, Järfälla, Sweden). The LDPI system uses a low-power laser light that is scattered in the tissue and detects changes in wavelength when the light hits moving blood cells in the cortical blood vessels. For efficient transfer of the laser beam to the cortex, the skull surface was thinned using a hand drill. The distance between the LDPI scanner head and the skull was 6.5 cm, producing high-resolution LDPI images with a 99×85 pixel matrix. Cortical microperfusion was repetitively scanned before and at 30 min, 7 days, 14 days, and 21 days after BCCAo and was presented as color-coded images. The blood flow values of the middle cerebral artery (MCA) and the posterior cerebral artery (PCA) territories were numerically determined by the concentration of moving blood cells and mean velocity of these blood cells, which was calculated from the magnitude of the Doppler signal and the frequency shift. Finally, data were presented as % CBF based on the value collected immediately before BCCAo or sham manipulation.

Evaluation of brain vasculature
-------------------------------

At each time point after sham or BCCAo, animals were transcardially perfused with saline, followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The brain vasculature was visualized with the latex-perfusion technique for cerebral vessels \[[@B10]\]. The whole brain was photographed with a digital camera (EOS 300D; Canon, Tokyo, Japan), followed by post-fixation in 4% paraformaldehyde for 4 h. The degree of plasticity of the PcomA and PCA was evaluated by comparing the diameter with that of the basilar artery using Image-Pro Plus software version 5.1 (MediaCybernetics, Silver Spring, MD, USA), represented as a relative plasticity of PcomA and PCA.

Klüver-Barrera staining
-----------------------

White matter lesions were evaluated by Luxol fast blue staining in regions located −2.64 to −3.12 mm from bregma \[[@B5]\]. After post-fixation, the brains were dehydrated with 30% sucrose and embedded in Tissue-Tek (Sakura Finetechnical, Tokyo, Japan). Tissue sections (20 µm) were mounted on the slide and incubated with Luxol fast blue (Sigma, St. Louis, MO, USA) at 56℃ overnight. Next, the slides were sequentially soaked with 0.05% lithium carbonate solution, distilled water, and 70% ethanol. Finally, the slides were dehydrated in 100% ethanol, cleared in xylene, and coverslipped. White matter damage was evaluated in a double-blind manner, and three sections per animal were analyzed. The severity of white matter rarefaction was graded as normal (grade 0), disarrangement of nerve fibers (grade 1), formation of marked vacuoles (grade 2), and disappearance of myelinated fibers (grade 3).

Statistical analysis
--------------------

All data are presented as mean±SEM. SPSS software (version 21.0, IBM SPSS Corp.) was used for statistical comparison. Differences in reference memory and CBF among four different groups were determined by repeated measures analysis of variance (ANOVA) with Duncan\'s post hoc mean comparison. PCA and PcomA plasticity were analyzed using one-way ANOVA, followed by Duncan\'s post hoc test. Fold change of relative PCA plasticity based on the sham controls was determined by two-tailed Student\'s t test with assumption of normal distribution. Finally, white matter damage was analyzed by Pearson Chi-square test. p\<0.05 was considered statistically significant.

RESULTS
=======

Reference memory was impaired after BCCAo only in Wistar rats
-------------------------------------------------------------

To test reference memory impairment after BCCAo, SD and Wistar rats were pre-trained for 5 days to remember the arms with a food reward. For 10 consecutive days from the 8^th^ day after BCCAo, we placed the rats in the five-radial arm maze once a day and evaluated whether they could acquire the reward ([Figs. 1A, 1C](#F1){ref-type="fig"}). Because of white matter damage in the optic tract, different tactile cues were provided at each arm to help blinded rats find the correct arms ([Fig. 1B](#F1){ref-type="fig"}). Entry into the arms without a food pellet (wrong arm) and entry into the food-containing arms but leaving the food uneaten were defined as incorrect choices ([Fig. 1C](#F1){ref-type="fig"}). SD rats made a similar number of errors at all times assessed regardless of hypoperfusion injury, demonstrating that SD animals in both sham and BCCAo groups maintained reward-related reference memory ([Fig. 1D](#F1){ref-type="fig"}). However, Wistar rats showed a higher number of incorrect choices after BCCAo compared with sham-treated animals, suggesting reference memory deficits induced by BCCAo ([Fig. 1D](#F1){ref-type="fig"}).

Repetitive whole-brain CBF monitoring showed more profound hypoperfusion after BCCAo in Wistar rats compared with SD rats
-------------------------------------------------------------------------------------------------------------------------

To explain why the BCCAo procedure resulted in cognitive dysfunction in the Wistar strain but not in SD rats, we monitored cortical microperfusion under the entire skull for 3 weeks. Tracking temporal CBF in the same animal could provide integrated views of CBF alterations after BCCAo ([Fig. 2A](#F2){ref-type="fig"}). Forebrain perfusion examined at the MCA territory was markedly reduced immediately after BCCAo in both SD and Wistar rats ([Fig. 2B](#F2){ref-type="fig"}). Moreover, over the subsequent 21 days, the cortical blood flow of Wistar and SD rats was lower after BCCAo than in sham-manipulated animals, as analyzed by repeated measures of ANOVA. However, in PCA territory, Wistar rats remained hypoperfused after BCCAo, while SD rats recovered CBF similar to that of sham-operated animals ([Fig. 2C](#F2){ref-type="fig"}). Compared with the SD strain, Wistar rats showed significantly lower CBF in both MCA and PCA territories after BCCAo ([Figs. 2B, 2C](#F2){ref-type="fig"}). In summary, in MCA territory, BCCAo induced hypoperfusion in both SD and Wistar rats, with more profound CBF reduction in Wistar rats. In contrast, in PCA territory, only Wistar rats showed low CBF. These data suggest that posterior circulation is a critical factor in the difference in BCCAo-induced hypoperfusion between SD and Wistar rats.

Wistar rats showed greater PCA plasticity after BCCAo
-----------------------------------------------------

Considering that Wistar rats demonstrated memory deficits and hypoperfusion in PCA territory after BCCAo, which were not observed in SD rats, we decided to examine brain vasculature. The latex-perfusion technique for cerebral vessels was applied at 7, 14, and 21 days after BCCAo or sham-manipulation. In sham-operated animals, significant differences in the plasticity of the PcomA and the PCA were found between SD and Wistar rats ([Figs. 3A, 3B](#F3){ref-type="fig"}). The ratio of the diameter of the PcomA to that of the basilar artery in SD and Wistar rats was 0.84±0.05 and 0.64±0.11, respectively ([Fig. 3B](#F3){ref-type="fig"}). In addition, relative PCA diameter in Wistar rats was clearly smaller than that of SD rats ([Fig. 3B](#F3){ref-type="fig"}). Although sham manipulation may affect the plasticity of these vessels, however, as we tried to minimize unnecessary dissections of the common carotid arteries and the adjacent tissues, it is likely that SD and Wistar rats have a basal difference in the diameter of PcomA and PCA. After BCCAo, no significant difference was observed in plasticity of the PcomA in SD or Wistar rats during the course of the study ([Figs. 3A, 3B](#F3){ref-type="fig"}). However, the relative diameter of PCA was markedly increased in both SD and Wistar rats at all time points after BCCAo ([Figs. 3A, 3B](#F3){ref-type="fig"}). Notably, the fold change in PCA plasticity based on the sham value was significantly greater in Wistar than SD rats ([Fig. 3C](#F3){ref-type="fig"}), suggesting that more reactive changes occurred in the vascular system of Wistar rats.

Wistar rats demonstrated white matter rarefaction
-------------------------------------------------

To determine whether chronic cerebral hypoperfusion and vascular plasticity can be translated into histological changes, we performed Klüver-Barrera luxol fast blue myelin staining ([Fig. 4](#F4){ref-type="fig"}). After 21 days, sham-operated SD and Wistar rats demonstrated an intact optic tract, which was chosen as one of the most vulnerable regions to white matter damage ([Fig. 4A](#F4){ref-type="fig"}). Interestingly, prominent vacuolation and serpentine white matter fibers were observed in Wistar rats after BCCAo, whereas SD rats showed almost intact myelin fibers ([Fig. 4A](#F4){ref-type="fig"}). Moreover, Chi-square statistical analysis revealed that BCCAo significantly induced white matter lesions in Wistar rats compared with SD rats ([Fig. 4B](#F4){ref-type="fig"}).

DISCUSSION
==========

Defining key changes after experimental BCCAo is critical for a better understanding of the basic mechanisms of VaD and thus for the development of effective therapeutic strategies. Our data showed a clear contrast in memory function between Wistar and SD rats after BCCAo. To gain mechanistic insight, we performed repetitive cortical blood flow monitoring using a LDPI system. BCCAo induced profound reduction in CBF in the forebrain region over the course of chronic hypoperfusion in both Wistar and SD rats. Interestingly, CBF in PCA territory was significantly reduced after BCCAo in Wistar rats, but not in SD rats. These findings led us to investigate structural plasticity of the brain vasculature, which showed greater PCA plasticity in Wistar rats after BCCAo. We also confirmed histologic white matter damage in Wistar rats that was not observed in SD rats, in line with our previous report \[[@B11]\].

As learning and memory impairment is a central feature of VaD, extensive efforts have been made to show different aspects of cognitive decline using a variety of behavioral tests in experimental models \[[@B8]\]. When focusing on reference memory function, the Wistar rat is the major strain showing reduced reference memory after BCCAo \[[@B13][@B14][@B15][@B16][@B17][@B18][@B19]\], although a few studies have reported memory deficits in SD rats \[[@B20][@B21]\]. In our study, Wistar rats demonstrated a larger number of errors in the five-radial arm maze test when they were required to recall previous memory from 1 week after BCCAo, consistent with other reports \[[@B14][@B19]\]. Moreover, we carefully adopted tactile cues for the radial arm maze test to exclude the possible confounding factor of BCCAo-induced blindness in Wistar rats, as visual guidance is essential in both the Morris water maze and the classic radial arm maze test. We believe this approach allows us to evaluate BCCAo-induced memory dysfunction in Wistar rats in the most accurate way, making our findings highly credible. Interestingly, SD rats showed no memory deficits at the second week following BCCAo. Previous studies reported poor reference memory in SD rats at about 2 months after injury \[[@B20][@B21]\]. Moreover, reference memory was not reduced until 3 weeks post-BCCAo \[[@B20]\], supporting our findings. As the onset of reference memory dysfunction appeared to be delayed in the SD strain compared to Wistar rats, future studies are warranted to investigate which factors play crucial roles in VaD pathophysiology in the chronic stages after global hypoperfusion.

Since we found apparent differences in reference memory function between Wistar and SD rats after BCCAo, we assessed temporal CBF alteration as a next step. Although many studies reported CBF reduction after BCCAo using various tools including radioisotope techniques, microsphere injection, laser Doppler flowmetry, and magnetic resonance imaging \[[@B6][@B10][@B14][@B15][@B22][@B23][@B24][@B25]\], each of these methods has intrinsic limitations such as poor accuracy of measurement or lack of consideration of multiple brain regions. Thus, differential hemodynamic evaluation remains an open question to be addressed with better spatial and temporal resolution. Here, we showed BCCAo-induced CBF fluctuation using the LDPI system. This system enabled us to monitor real-time CBF perturbation after BCCAo non-invasively and repetitively in the same animals. Moreover, scanning speckles derived from the motion of moving blood cells under the entire skull surface could provide a general overview of alterations in cortical microcirculation induced by chronic hypoperfusion. Indeed, side-by-side comparison of temporal CBF fluctuation between Wistar and SD rats uncovered a marked reduction in posterior circulation in only the Wistar rats after BCCAo, in addition to a more profound CBF decrease in MCA territory compared with SD rats. These findings can help to reconstruct the comprehensive CBF status after BCCAo in a temporal axis, further permitting a better understanding of the pathologic progression of VaD.

Dolichoectasia refers to dilated and elongated blood vessels. Vertebrobasilar dolichoectasia is commonly reported in the aged population that is vulnerable to VaD \[[@B26][@B27]\]. Supporting this phenotype, experimental VaD studies showed increased length and tortuosity of the basilar artery \[[@B6][@B22]\], which we also noticed in our study. As BCCAo increased the diameter of many other blood vessels, including PCA and PcomA \[[@B22]\], we focused on the plasticity of these vessels relative to the basilar artery. Not surprisingly, PCA plasticity was increased after BCCAo in both SD and Wistar rats. However, the degree of PCA plasticity after BCCAo was significantly greater in Wistar rats at all time points examined. Reactive vascular ectasia can be one of the compensatory mechanisms induced by BCCAo, but it fails to be translated into CBF restoration demonstrated by LDPI monitoring in PCA territory. Considering these findings, together with cognitive dysfunction and white matter damage in Wistar rats, severe PCA dolichoectasia could be a novel screening marker for the diagnosis of VaD. Clinical data nicely support this hypothesis as intracranial arterial dolichoectasia in stroke patients was highly correlated with the incidence of lacunar infarction and small-vessel diseases \[[@B28][@B29][@B30]\], possibly leading to VaD \[[@B31]\]. Thus, it will be interesting to further examine the causative link between the severity of PCA dolichoectasia and the functional and cognitive status of VaD.

Diagnosis and treatment of VaD have been challenging because of the heterogeneous nature of the disease, which can result in pleiotropic manifestations of VaD pathology. The first step in overcoming this obstacle will be the identification of major factors contributing to VaD pathogenesis. In this paper, by analyzing two representative rat strains subjected to BCCAo, we showed severe PCA dolichoectasia and marked hypoperfusion in the PCA-supplying region in Wistar rats. Moreover, these findings were associated with white matter lesions and reference memory impairment. Since our studies provide a comprehensive examination of BCCAo-induced CBF perturbation and unique vascular plasticity, our results could lead to the development of surrogate markers of VaD progression.
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![Reference memory function after bilateral common carotid artery occlusion (BCCAo) assessed using a five-radial arm maze with tactile cues.\
(A) Time line showing the experimental design. Before undergoing BCCAo, SD and Wistar rats were trained to remember the arms with a food pellet. From the 8^th^ day post-BCCAo, the ability of SD and Wistar rats to find the food-placed arms was tested over 10 days. (B) Representative image of different tactile cues applied for radial arm maze. (C) Representative image of a five-radial arm maze apparatus. The yellow box refers to the location of the food pellet, which is indicated as a red star. (D) Graph showing the number of errors during the memory test period. Wistar rats subjected to BCCAo (n=6) demonstrated a significantly higher number of incorrect choices compared with sham-treated Wistar (n=9), sham-operated SD (n=9), and BCCAo-treated SD (n=8) rats. Data are given as mean±SEM. ^\*^p\<0.05 by repeated measures analysis of variance with Duncan\'s post hoc mean comparison. SD, Sprague--Dawley; SD sham, SD rats subjected to sham operation; SD BCCAo, SD rats subjected to BCCAO; Wistar sham, Wistar rats subjected to sham operation; Wistar BCCAo, Wistar rats subjected to BCCAo.](kjpp-21-643-g001){#F1}

![Longitudinal whole-brain monitoring of cerebral blood flow (CBF) after bilateral common carotid artery occlusion (BCCAo) in SD and Wistar rats.\
(A) Representative color-coded examples of serial laser Doppler perfusion images. Cortical microperfusion of Wistar and SD rats subjected to sham or BCCAo was repetitively monitored using a laser Doppler perfusion imaging system. (B) Graph showing CBF perturbation in MCA territory, indicated as two circles in the right image. After BCCAo, Wistar rats (n=7) and SD rats (n=9) showed a marked CBF reduction compared with sham-treated Wistar (n=7) and SD (n=8) rats. Notably, cerebral hypoperfusion in MCA territory was significantly greater in Wistar rats than SD rats. Data are given as mean±SEM. ^\*^p\<0.05 compared to sham and ^†^p\<0.05 compared to Wistar rats subjected to BCCAo. Repeated measures analysis of variance with Duncan\'s post hoc mean comparison was performed. (C) Graph showing CBF perturbation in PCA territory, indicated as a circle in the right image. Wistar rats after BCCAo (n=7) showed marked CBF reduction compared to sham-treated Wistar (n=7), sham-treated SD (n=8), and BCCAo-operated SD (n=9) rats. Data are given as mean±SEM. ^\*^p\<0.05 by repeated measures analysis of variance with Duncan\'s post hoc mean comparison. SD, Sprague--Dawley; SD sham, SD rats subjected to sham operation; SD BCCAo, SD rats subjected to BCCAO; Wistar sham, Wistar rats subjected to sham operation; Wistar BCCAo, Wistar rats subjected to BCCAo; MCA, middle cerebral artery territory; PCA, posterior cerebral artery.](kjpp-21-643-g002){#F2}

![Structural plasticity of the brain vasculature at the circle of Willis in SD and Wistar rats after bilateral common carotid artery occlusion (BCCAo).\
(A) Representative images of major blood vessels at 7 days (SD: n=7, Wistar: n=9), 14 days (SD: n=7, Wistar: n=6), and 21 days (SD: n=7, Wistar: n=8) after BCCAo or sham operation (SD: n=12, Wistar: n=7). (B) Table showing the ratio of the posterior communicating artery (PcomA) and posterior cerebral artery (PCA) diameter to that of the basilar artery in SD and Wistar rats. The relative PcomA and PCA were significantly thinner in Wistar rats than in SD rats. One-way analysis of variance also demonstrated that PCA plasticity was significantly increased at all time points after BCCAo compared with sham values for both SD and Wistar strains. Values are mean±SEM. ^†^p\<0.05: SD sham vs. Wistar sham; ^\*^p\<0.05: sham vs. the rest of the time points assessed by one-way analysis of variance and Duncan\'s post hoc test. (C) Graph showing the fold change of relative PCA plasticity based on the sham-controls. Wistar rats showed significantly greater PCA plasticity than SD rats at all time points examined. ^\*^p\<0.05 by two-tailed Student\'s t test. Values are mean±SEM. SD, Sprague--Dawley; MCA, middle cerebral artery; ACA, anterior cerebral artery; ICA, internal carotid artery; BA, basilar artery.](kjpp-21-643-g003){#F3}

![White matter rarefaction in SD and Wistar rats.\
(A) Representative microscopic images of the optic tract stained by Klüver-Barrera Luxol fast blue. Only Wistar rats subjected to bilateral common carotid artery occlusion (BCCAo) showed prominent vacuolation and serpentine white matter fibers, indicative of white matter damage. Scale bar in SD sham=50 µm (valid for all the other images). (B) Graph showing the severity of white matter lesion. Semi-quantitative analysis of white matter rarefaction showed a significantly higher grade of white matter damage after BCCAo in Wistar rats (n=7) compared with SD rats (n=8). Data are given as mean±SEM. ^\*^p\<0.05 by Pearson Chi-square test. SD, Sprague--Dawley.](kjpp-21-643-g004){#F4}
